Abstract. Cytoplasmic dynein is a multisubunit, microtubule-dependent mechanochemical enzyme that has been proposed to function in a variety of intracellular movements, including minus-end-directed transport of organelles. Dynein-mediated vesicle transport is stimulated in vitro by addition of the Glued/ dynactin complex raising the possibility that these two complexes interact in vivo. We report here that a class of phenotypically identical mutants of the filamentous fungus Neurospora crassa are defective in genes encoding subunits of either cytoplasmic dynein or the Glued/dynactin complex. These mutants, defined as ropy, have cured hyphae with abnormal nuclear distribution, ro4 encodes the heavy chain of cytoplasmic dynein, while ro-4 encodes an actin-related protein that is a probable homologue of the actin-related protein Arpl (formerly referred to as actin-RPV or centractin), the major component of the glued/dynactin complex. The phenotypes of ro-1 and ro-4 mutants suggest that cytoplasmic dynein, as well as the Glued/dynactin complex, are required to maintain uniform nuclear distribution in fungal hyphae. We propose that cytoplasmic dynein maintains nuclear distribution through sliding of antiparallel microtubules emanating from neighboring spindle pole bodies.
ONEMAL and cytoplasmic dyneins axe large, multisubunit complexes that function as microtubuledependent mechanochemical enzymes (Porter and Johnson, 1989; Vallee, 1993; Walker and Sheetz, 1993) . Axonemal dynein is the motor that powers movement of cilia and flagella by sliding adjacent doublet microtubules. Cytoplasmic dynein has been implicated in a number of intracellular transport processes including retrograde transport of organdies in axons, the endocytic pathway, and organization of the Golgi (Walker and Sheetz, 1993) . In addition, cytoplasmic dynein has been localized to kinetochores, spindle fibers and centrosomes, indicating a likely role in microtubule-dependent mitotic processes (Pfarr et al., 1990; Steuer et al., 1990) .
Cytoplasmic dynein has a mass of 1.2 x 106 kD and consists of two heavy chains (•500 kD), three or four intermediate (*70 kD) chains, and four light (59-53 kD) chains (Paschal et al., 1987; Schroer et al., 1989) . This complex is sufficient to support the movement of microtubules in vitro (Lye et al., 1987; Paschal et al., 1987) ; however, it does not support efficient in vitro microtubule-dependent movement of vesicles (Schroer et al., 1989) . A second protein complex referred to as the Glued or dynactin complex (~6 subunits) is required for cytoplasmic dynein to mediate efficient microtubule-dependent transport of organdies in vitro . Three subunits of the Glued/dy-nactin complex (150-, 50-, and 45-kD subunits) partially copurify with cytoplasmic dynein (Gill et al., 1991; Schroer and Sheetz, 1991; Paschal et al., 1993) . The 150-kD subunit is homologous to the product of the Drosophila Glued gene and the 45-kD subunit has been identified as the actin-related protein Arpl that was originally named actin-RPV or centractin (Gill et al., 1991; Holzbaur et al., 1991; Schroer and Sheetz, 1991; Lees-Miller et al., 1992a; Fyrberg et al., 1994; Schafer et al., 1994) .
Genetic analysis of dynein has, until recently, been restricted to axonemal dynein. The unicellular alga Chlamydomonas reinhardtii has been used extensively for the analysis of flagellar structure, and many mutants with altered motility have been identified as defective in either inner or outer arm dyneins which generate the force required for flagellar movement (Dutcher and Lux, 1989) . The absence of a system for the genetic analysis of cytoplasmic dynein has been due in part to the unknown phenotype of cytoplasmic dynein mutants. Recently, the gene encoding cytoplasmic dynein heavy chain has been isolated from a number of organisms including Dictyosteliura discoideum, rat, Saccharomyces cerevisiae, and Aspergillus nidulans (Koonce et al., 1992; Eshel et al., 1993; Li et al., 1993; Mikami et al., 1993; Zhang et al., 1993; Xiang et al., 1994) . With the availability of the cloned gene, cytoplasmic dynein mutants have been constructed in S. cerevisiae (Eshel et al., 1993; Li et al., 1993) . Yeast dynein mutants show a reduced growth rate and a disruption in mitotic spindle orientation such that '~25% of budded cells have a binucleate mother cell and an enucleated bud. A screen of temperature-sensitive mutants of A. nidulans, a filamentous fungus, led to the identification of four mutants that are defective in nuclear distribution (nud mutants) (Morris, 1976) . Recently, the nudA gene ofA. nidulans was shown to encode cytoplasmic dynein heavy chain (Xiang et al., 1994) . This result implicates cytoplasmic dynein as playing a role in the distribution and movement of nuclei in filamentous fungi.
In this paper, we report the characterization of a class of Neurospora crassa mutants that identify genes encoding subunits of cytoplasmic dynein and the Glued/dynactin complex. We determined previously that the cot-1 gene of the filamentous fungus N. crassa encodes a serine/threonine protein kinase required for hyphal elongation (Yarden et al., 1992) . In an effort to identify either the substrate(s) or specific process(es) regulated by Cotl kinase, we have isolated mutants that show suppression of the hyphal growth defect of a cot-1 mutant. We now describe a group of eight identical, but unlinked, mutants known as ropy (ro) that partially suppress a cot-1 defect. All ro mutants have curled hyphai (ropy) growth and altered nuclear distribution. Our analysis of two of eight known ro genes shows that ro-1 encodes the heavy chain of cytoplasmic dynein and ro-4 encodes the actin-related protein Arpl. We propose that all mutants defective in genes specific for either cytoplasmic dynein or the Glued/dynactin complex will exhibit a ro phenotype. The ease with which ro mutants can be isolated and ro genes cloned makes N. crassa an ideal organism for the genetic dissection of cytoplasmic dynein.
Materials and Methods

Strains and Media
N. crassa strains used in this study were obtained from the Fungal Genetic Stock Center (FGSC), Department of Microbiology, University of Kansas Medical Center, Kansas City, KS. The wild-type N. crassa strain was 74-OR23-1A (FGSC 987). (FGSC 4065) was used to isolate mutants containing cot-1 suppressors (see below). The to mutants were ro-1 (FGSC 146), ro-1 (FGSC 4351), ro-2 (FGSC 44), to-3 (FGSC 43), to-4 (FGSC 2981), to-4 (FGSC 1511), (FGSC 3619), (FGSC 3911) , and to(P904) (FGSC 1669) . The construction of to; cot-I double mutants and the formation of heterokaryotic strains was done using standard genetic procedures (Davis and de Serres, 1970) . Media and growth conditions are as described (Davis and de Serres, 1970) .
Identification of to Mutations as Partial Suppressors of cot-1
cot-I suppressors were isolated by plating 105 cohidia of the temperaturesensitive cot-1 mutant on a sucrose supplemented minimal medium and incubating at 37°C for 3-7 d. cot-I eonidia germinate under these conditions and produce colonies that are '~0.1 mM in diameter (Fig. 1 B) . Fully suppressed cot-I mutants grew very rapidly and covered a plate within 24 h, while partially suppressed cot-1 mutants produced colonies that were 1-5 mM in diameter. Approximately 90% of partially suppressed cot-I mutants had curled hyphal growth when incubated at 25°C. Because curled hyphal growth is characteristic of a group of N. cmssa hypbal growth mutants known as "ropy" mutants (Garnjobst and Tatum, 1967) , we used heterokaryon analysis to determine if any of these mutants were alleles of known to mutants. Analysis of two of these mutants, ro(PFM23) and to(PFM30), showed them to be allelic with to-1 and to-lO, respectively, to; cot-1 double mutants were constructed for all eight nonallelic to mutations that were available from the FGSC and all were determined to partially suppress cot-1.
Cloning and Sequence Analysis
Cosmids complementing the ro4 and ro-4 mutants were identified by sibselection (Vollmer and Yanofsky, 1986) . Pools of 96 cosmid clones from the Orbach/Sachs cosmid library (FGSC) were used to transform to mutants to hygromycin resistance. Hyg R transformants were examined microscopically at 18-24 h after plating to identify transformants that showed straight hyphal growth instead of the characteristic curled hyphal growth of to mutants. Pools of cosmids containing complementing clones were further subdivided until single cosmids were identified that complemented the to-1 or to-4 mutant. Complementing cosmid clones were digested separately with various restriction endonucleases, and to mutants were cotransformed with the digested DNA and pMP6, a plasmid coding for Hyg R (Plamann and Yanofsky, unpublished observations). (N. crassa is efficiently transformed with linear DNA.) The smallest fragment that efficiently complemented a to mutant was subeloned. The map location of cloned DNA was determined by restriction fragment length polymorphism analysis (Metzenberg et al., 1985) .
DNA sequencing was performed by the dideoxy-chain termination method (Sanger et al., 1977) , using Sequenase version 2.0 (United States Biochemical Corp., Cleveland, OH) and custom oligonucleotide primers synthesized by the Gene Technologies Laboratory at Texas A&M University. DNA sequences were analyzed using programs of The University of Wisconsin Genetics Computer Group (Devereux et al., 1984) . GenBank searches were performed at the National Center for Biotechnology Information (Bethesda, MD), using the BLAST network service (Alischul et al., 1990) .
Standard procedures for Southern analyses, restriction endonuclease digestions, agarose gel electropboresis, purification of DNA from agarose gels, DNA ligations, and other cloning-related techniques were performed as described (Sambrook et al., 1989) . Genomic DNA was isolated from N. crussa as described (Yarden et al., 1992) .
Isolation and Analysis of cDNA Clones
cDNA clones of to-1 and to-,/were isolated by screening ,~360,000 plaques from a h ZAI ~ II N. cmssa cDNA library constructed by R. H. Garrett (University of Vh'giuia, Charlottesville, VA) and available through the FGSC (Sambrook et al., 1989) . Restriction fragments covering the distal one-third of to-I and the proximal one-half of to-4 were used as probes. Four positive ro-1 cDNAs clones and 10 to-4 cDNA clones were identified and rescued as phagemid (Stratagene Inc., La Jolla, CA). The DNA sequence of one of the to-1 cDNA clones was determined to verify the position of the distal intron (Fig. 3) . The DNA sequence of an apparently full-length ro-4 cDNA clone was determined to identify the 5' end of the gene and verify the positions of three introns that were predicted, from analysis of the to-4 genomic DNA sequence, to interrupt the to-4 structural gene (Fig. 5) .
Analysis of Hyphal Morphology and Nuclear Distribution in Wild-type, cot-l, and ro Mutants
Hyphal morphologies of wild-type, cot-I, various to mutants, and to; cot-1 double mutants were determined by inoculating sucrose minimal agar media with conidia and incubating plates at the designated temperature for 2 d. Conidia from cot-1 were plated with 100/~l of I M sorbitol solution to help prevent lysing of cot-1 spheres. Pictures were taken with TMAX 100 or TMAX 400 film on an Olympus binocular dissection microscope at 70x magnification with transmitted light.
Nuclear distribution was examined by staining cells with 4'6-diamidino-2-phenylindole (DAPI).I Coverslips were placed on an agar surface and ,~100 eonidia, suspended in sucrose minimal liquid media, were placed on each coverslip and the plates were incubated at 34°C for 16 h. Hyphal material on coverslips was treated for 1 rain with fixing solution (3.7% formaldehyde, 67 % ethanol), rinsed for 5 min with wash solution (50 mM KPO4, pH 7.0), and then soaked in wash solution containing 0.5 ~g/ml DAPI for 10 rain. Vaseline was placed around the edges of the coverslip which was then pressed to a slide. Pictures were taken with TMAX 400 film on an Olympus microscope using a SPlan Apo 60X oil objective and differential interference contrast optics. The sample was illuminated with UV light to view the DAPI stain.
Results
Ropy (to) M u t a n t s A r e Partial Suppressors o f cot-I
cot-1 is predicted to encode a serine/threonine protein kinase, and inactivation of cot-1 results in cessation of hyphal elongation and massive induction of branching (Yarden et al., 1992) . To learn more about the role of C o t kinase, cot-1 suppressors were identified by plating conidia (asexually derived spores) of a cot-1 ~ mutant strain at 37°C and screening for colonies with increased radial growth rates. The majority of mutants (>95%) were partially suppressed for cot-1 function and showed only slightly improved radial growth rates as compared to wild type (Fig. 1, C vs. B) , while a small minority (<5%) were fully suppressed. Most of the full suppressor mutations had no visible effect when mutants were grown at 25°C, but many of the partial suppressor mutants had an unusual hyphal growth phenotype consisting of curled and distorted hyphae (Fig. 1 D) . This unusual hyphal growth phenotype was independent of the l~gure 1. Partial suppression of a cot-1 mutant by ro-1 and ro-4 mutations. Conidia from N. crassa cot-l, ro and ro; cot-1 mutants were inoculated on sucrose minimal agar media and incubated at either 25 or 37"C for 2 d. (,4 and B) cot-1 growing at 25 and 37"C, respectively. (Cand D) to-l; cot-1 growing at 37 and 25"C, respectively. Note the increased colony size ofa ro-1; cot-1 double mutant (C) vs. a to+; cot-1 strum (B) . (E and F) I"o-/ and ro-4 mutants growing at 37"C, respectively. Bar, 0.5 raM.
original cotol mutation (Fig. 1, E and F ). Because these mutants appeared similar to a class of hyphal growth mutants known as ~ropy" mutants, we tested the genetic relationship between partial suppressors and the eight previously described ro mutants (Garnjobst and Tatum, 1967) . The first two cot-1 suppressor mutants we isolated were determined to be alleles of ro-1 and ro40, respectively, and all eight ro mutants (ro4, -2, -3, -4, -6, -7, 40, -11) partially suppressed cot-1 in the same manner (not shown).
Ro Mutants Are Defective in Nuclear Distribution, Hyphai Growth and Sexual Development
Nuclei are relatively evenly distributed in N. crassa and other coencytial fungi (Fig. 2 A) . In ro mutants nuclear distribution is highly asymmetric (Fig. 2 , B and C; ro4 and ro-4 mutants, respectively). Large numbers of nuclei are observed in some regions of hyphae while other regions have none. The clumpy nuclear distribution found in ro4 and ro-4 is typical for all ro mutants (not shown). Along with the unusual nuclear disuibution, we find that hyphal tips grow in a curled fashion and are able to extend a considerable distance (>200 #m) without nuclei (Fig. 2 , B and C). In addition, these long enucleate hyphae are able to branch which indicates that the formation of a new hyphal tip can occur in the absence of close proximity to a nucleus. We have also examined the ability of ro mutants to participate in crosses and we find that all are able to function as males, but only strains containing weak (nearly normal hyphal growth) m alleles are able to function as females. All ro mutants have nearly normal conidiation (asexual reproduction).
ro-1 Encodes the Heavy Chain of Cytoplasmic Dynein
m mutants define at least eight genes that when mutated give rise to abnormal nuclear distribution and hyphal growth. The to-1 and to-4 genes were isolated by complementation of the respective m mutants with a N. crassa genomic cosmid library (Materials and Methods). Complementation was defined as restoration of straight hyphal growth and rapid radial extension of individual colonies ( Fig. 1, A vs. E and F). Complementing DNA was subcloned by identifying restriction endonuclease-generated fragments that were able to complement the respective mutant (N. crassa is efficiently transformed with linear DNA). The smallest complementing DNA fragment was 18 kb for to-1 and 4.0 kb for to-4. RFLP mapping was used to determine the map location of the clones (the RFLP data will be presented in the Fungal Genetics Newsletter). The map position of ro-1-and ro-4-complementing DNA coincided with that of the respective mutations indicating that complementing DNAs were likely to contain functional copies of the genes and not extracopy suppressors.
ro-1 has a 4367-codon open reading frame that is interrupted by two short introns and is predicted to encode a polypeptide with a calculated tool wt of 495,574 (Fig. 3) . Rol is 53 and 49% identical to the cytoplasmic dynein heavy chain of rat and Dictyostelium, respectively, and 29% identical to sea urchin fiagellar dynein/3 heavy chain (Fig. 4, A and B) . Based on extensive similarity with the rat and Dictyostelium proteins, and the absence of flagella and cilia in N. crassa, we conclude that ro-1 encodes the heavy chain subunit of cytoplasmic dynein. It is likely N. crassa has only a single cy- to-l, and ( C-ro-4 N. crassa mutants were grown overnight in sucrose minimal media at 34°C, and nuclei were visualized by staining with the DNA-specific dye DAPI. Bar, 20/~m. toplasmic dynein heavy chain, because probing Southern blots of genomic DNA and cDNA libraries with ro-1 sequences at low stringency did not identify additional cytoplasmic dynein heavy chain-like sequences (data not shown). N. crassa Rol is also 72% identical to theA. n/du/ans cytoplasmic dynein heavy chain. Interestingly, the cytoplasmic dynein heavy chain of S. cerevisiae is only ,x,32 % identical (Fig. 3) . All four of these sites are conserved in both cytoplasmic and flagellar dynein heavy chains. The function(s) of these sites have not yet been determined; however, the first site has been proposed to be the primary site of ATP binding and hydrolysis (Gibbons et al., 1991) . Rol, as well as the respective polypeptides of A. n/dulans and Saccharomyces cerevisiae, differ from other dynein heavy chains in that they lack a COOH-terminal ~280-residue segment that is present in both cytoplasmic and flagellar forms (Fig. 4, A and B) . DNA sequence analysis of a ro-I eDNA indicated that the absence of this region is not due to a DNA rearrangement of ro-1 sequences during the cloning procedure (data not shown). In addition, Southern analyses indicated that the restriction map of the ro-/-containing cosmid clone was identical with the corresponding region of the N. crassa genome (data not shown). It is possible that the absence of this conserved region (40 % identity between rat and Dictyostelium proteins) indicates a functional difference between cytoplasmic dynein of fungi and dynein heavy chains of other organisms.
ro-4 Encodes a Member of the Arpl Family of Actin-related Proteins
The DNA sequence and gene organization of ro-4 is shown in Fig. 5 . The ro-4 structural gene is interrupted by three introns and encodes a 380-amino acid polypeptide that has a predicted mol wt of 42,382. Analysis of a ro-4 cDNA clone indicates that the 5' end of ro-4 mRNA is ,~,374 bases upstream of the proposed translation initiation codon (Fig. 5) . Within the unusually long 5' leader region are three open reading frames (ORFs) of 3, 3, and 13 codons, respectively. Curiously, upstream ORF1 (uORF1) overlaps uORF2, and uORF3 overlaps the proposed translation initiation codon of ro-4 (Fig. 5) . The preferred sequence context of N. crassa translation initiation codons is 5'-CNNNCAMVAIGC~-3', where M = A or C and V = A or C or G (Bruehez et al., 1993b) . None of the four ATG initiator codons have flanking sequences that are ideal matches to the consensus sequence, although the context of the proposed ATG initiator codon for ro-4 has the best match. The presence of ORFs within the leader region of ro-4 may indicate that ro-4 gene expression is translationally regulated (Yoon and Donahue, 1992) . The predicted amino acid sequence of Ro4 has similarity to aetin-related proteins and actin (Fig. 6) . Two classes of actin-related proteins have been identified in vertebrates, centractin and Act2 (now referred to as the Arpl and Arp3 families; Fyrberg et al., 1994) . A comparison of Ro4 with centractin (Arpl), human cytoplasmic 7-aetin and the bovine, Drosophila and Schizosaccharomyces pombe Act2 proteins (members of the Arp3 family) shows that Ro4 is an apparent homologue of centractin. Ro4 and centraetin are identical at 42 positions where these proteins differ from both aetin and Arp3 proteins (Fig. 6 ). Ro4 is 65 % identical with eentraetin, 50-55 % identical with conventional actins, and ,~,38 % identical with members of the Arp3 family. In addition, the Arp2 and Arp3 families differ from conventional actins in having insertions of amino acids at specific positions while members of the Arpl family are nearly collinear with actin (Fyrberg et al., 1994) . Based on this criteria and the sequence similarity between Ro4 and centractin, we conelude that Ro4 is a member of the Arpl family (Fig. 6 ). As noted previously for centractin (Lees-Miller et al., 1992a) , most residues that are required for aetin polymerization and binding of ATP and Ca z+ are conserved in Ro4 (Fig. 6) , while residues thought to interact with the myosin head are not conserved. Centraetin has been identified as the major component of the Glued/dynactin complex, which is an activator of cytoplasmic dynein-driven vesicle movement (LeesMiller et al., 1992a) .
Discussion
We showed previously that N. crassa cot-1 encodes a serine/threonine protein kinase that is required for hyphal tips to elongate, but is not required for hyphal tips to form. In this study, we have shown that recessive mutations at eight different loci are able to partially suppress the effects of a cot-1 mutation and result in a ropy phenotype. The basis of this suppression is unknown, but it is unlikely that Cod kinase directly regulates cytoplasmic dynein activity because recessive mutations in multiple genes encoding subunits of cytoplasmic dynein or the Glued/dynactin complex can partially suppress a cot-1 defect. It is more likely that mutations resulting in decreased dynein activity partially bypass the need for Cod kinase. Microscopic analysis of a cot-1 mutant has led to the suggestion that cot-1 may be required for transport of precursors and enzymes, needed for cell wall synthesis, to hyphal tips (Steele and Trinci, 1977) . If Coil kinase is a regulator of long-range transport of cell wall vesicles or a step in the secretory pathway, then it may be that a mutation affecting the endocytic pathway, as would be predicted for a cytoplasmic dynein mutant (Aniento et al., 1993) , partially compensates for the loss of Cod kinase activity. Alternatively, a disruption in distribution of nuclei, as is seen in all of the ro mutants, may in some unknown way partially suppress a cot-1 mutant.
ro Mutants Define Genes Required for Cytoplasmic Dynein and Glued/Dynactin Complex Activity
We have determined that ro-1 is a single-copy gene that en- codes the heavy chain of cytoplasmic dynein and ro-4 encodes an actin-related protein that is an apparent homologue of the vertebrate protein centractin, a member of the Arpl family. Recently, a centractin-like protein has been identified in Pneumocystis carinii (GenBank accession number L21184). This protein is 75% identical to Ro4, 69% identical to centractin, and has conserved 36 of the 42 residues that are specific to Ro4 and centractin. The high level of conservation between these three proteins relative to actin and other actin-related proteins suggests that they are homologues. Centractin has been determined to be the most abundant subunit of the Glued/dynactin complex, which is required for cytoplasmic dynein to efficiently transport vesicles along microtubules in vitro (Gill et al., 1991; Schroer and Sheetz, 1991) . The finding that recessive mutations affecting cytoplasmic dynein or the Glued/dynactin complex exhibit the same phenotype provides the first genetic evidence that these two complexes are required for the same cellular process(es). All of the ro mutants are phenotypieally identical. We propose that all genes encoding polypeptides that are nonredundant subunits of cytoplasmic dynein or the Glued/dynactin complex will give a ro phenotype when mutated. In addition, we also predict that regulatory genes that are required specifically for expression of genes encoding dynein subunits, assembly of the cytoplasmic dynein and Glued/dynactin complexes, or regulation of dynein activity will also exhibit a ro phenotype when mutated. In support of this hypothesis, we have recently determined that the ro-3 gene encodes an apparent homologue of p150 ~lu*~ which is the largest subunit of the Glued/dynactin complex (Plamann, M., P. F. Minke, J. H. Tinsley, and K. S. Bruno, unpublished observations). Therefore, the ability to isolate an unlimited number of ro mutants by the identification of partial suppressors of cot-1 should allow the genetic identification of all nonredundant genes that are specifically required for cytoplasmic dynein or Glued/dynactin complex activity. However, even if all genes that are specifically required for dynein activity give a ro phenotype when mutated, they may represent only a subset of all ro mutants. One of the most striking phenotypic effects of a ro mutation is the disruption of nuclear distribution. As stated above, if alteration of nu- clear distribution leads to partial suppression of cot-1 and the ro phenotype, then any mutation that alters nuclear distribution will be identified as a ro mutant. One would expect that there exist genes that are required for nuclear distribution but are not required for cytoplasmic dynein activity.
Nuclear Distribution and Hyphal Growth in N. crassa Cytoplasmic Dynein Mutants
Cytoplasmic dynein has been proposed to be involved in retrograde transport of organelles in axons, the endocytic pathway, organiT~tjon of the Golgi and microtubule-dependent mitotic processes (Walker and Sheetz, 1993 been proposed to be dependent on cytoplasmic microtubules (Gooday, 1983) . We have determined that enudeate hyphae of ro mutants contain abundant cytoplasmic microtubules that extend from hyphal tips to the nearest clump of nuclei (Minke and Plamarm, unpublished observations). Therefore, the presence of cytoplasmic microtubules in enucleate hyphae and the absence or reduction of cytoplasmic dynein activity in ro mutants suggests that microtubule-dependent transport of apical vesicles does not require minus-enddirected cytoplasmic dynein activity.
A Model for Establishment and Maintenance of Nuclear Distribution in Filamentous Fungi
In coenocytic fungi, nuclei are relatively evenly distributed (Fig. 2 A) . The division of nuclei within each hypha is synchronized such that internuclear distances are at a minimum immediately after nuclear division and at a maximum just before nuclear division (Rosenberger and Kessel, 1967 ;
,~. Note that nuclei that are close together have a smaller region of overlapping microtubules than nuclei that are far apart. Assuming an even distribution of cytoplasmic dynein per unit length of overlapping cytoplasmic microtubule, there will be greater attractive force (larger arrows; C) between nuclei that are farther apart (see Discussion). Equilibrium is reached when nuclei are repositioned at approximately equal distances. Robinow and Caten, 1969; Morris, 1976) . As a hyphal tip grows, nuclei migrate towards the tip while maintaining their position relative to each other. Nuclear migration has been zhown to be dependent upon microtubules (Oakley and Morris, 1980) , and in this study we show that nuclear movement is also dependent upon cytoplasmic dynein (Fig. 2 , B and C). We propose that nuclear distribution and movement could be maintained through the action of cytoplasmic dynein on cytoplasmic microtubules (Fig. 7) . In our model, cytoplasmic microtubules radiate out from spindle pole bodies (SPB; a fungal microtubule-organizing center (MTOC) that is associated with each nucleus). For simplicity, we show a single microtubule extending in each direction from each SPB. Only cytoplasmic microtubules originating from adjacent SPBs (i.e., microtubules of opposite polarity) are cross-linked through the action of cytoplasmic dynein. Cytoplasmic dynein anchors to one microtubule and the dynein motor heads exert force towards the minus-end of an antiparallel microtubule. Therefore, adjacent SPBs, and thus nuclei, will be pulled towards each other due to the motor activity of dynein. When nuclei enter mitosis (Fig. 7 B) , cytoplasmic microtubules disassemble (Gambino et al., 1984; Osmani et al., 1988 Osmani et al., , 1990 Salo et al., 1989) , and after nuclear division, cytoplasmic microtubules reform and nuclear positioning is re-established (Fig. 7, C and D) . Assuming a uniform number of dynein motors per given length of overlapping, antiparallel cytoplasmic microtubules, nuclei that are far apart will be more strongly pulled towards each other than nuclei that are close together, because they will have a larger region of overlapping cytoplasmic microtubules and hence more force-producing dynein motors drawing the two nuclei together. Equilibrium is achieved when internuclear distances are uniform. The generation of attractive force between adjacent nuclei requires that a string of nuclei be anchored at the hyphal tip and at the distal-end of the hypha. At the distal-end of a hypha, we propose a static tethering of the end nucleus to the cell membrane, a septum or a fixed component of the cytoskeleton. At the hyphal tip, we propose the existence of an anchored MTOC from which cytoplasmic microtubules originate. Cross-linking of these cytoplasmic microtubules by dynein with cytoplasmic microtubules originating from the SPB of the terminal nucleus would provide a means to link nuclear movement with tip extension and the distance between the tip of a hypha and a terminal nucleus would be maintained in the same manner described for adjacent nuclei.
Our model for maintenance of nuclear distribution in filamentous fungi is based on a number of observations. The cross-linking function we are proposing for cytoplasmic dynein is analogous to the role of outer and inner arm dynein in the movement of flagella and cilia (Porter and Johnson, 1989) . In the axoneme, dyneins slide microtubules relative to each other by attaching to the A subfiber of one microtubule doublet and the respective motor heads "walk" along the B subfiber of an adjacent parallel microtubule in an ATPdependent manner. We are proposing that in filamentous fungi, the attachment of cytoplasmic dynein to one microtubule restricts the motor heads to interact only with a microtubule of the opposite polarity, therefore, differing from axonemal dyneins.
In the fungus Basidiobolus magnus, a single large nucleus . The observation that mutations affecting this complex have the same phenotype as mutations affecting cytoplasmic dynein indicate that both complexes are required to maintain nuclear distribution. We propose that cytoplasmic dynein is anchored to one microtubule and the dynein motor heads interact with an antiparallel microtubule. It is possible that the Glued/dynactin complex is required for either the establishment or maintenance of the anchoring of dynein to one microtubule. In addition, if nuclear distribution is maintained as described, uniform spacing of dynein motors along microtubules may contribute to the efficiency of the process and it is possible that the Glued/dynactin complex could anchor cytoplasmic dynein to microtubules at discrete intervals. Analysis of additional ro genes and the interaction of their gene products will allow a better understanding of the cellular roles of cytoplasmic dynein and the Glued/dynactin complex.
